Introduction
In eukaryotic cells, virtually every step of membrane transport is mediated by Rab GTPases. Rabs function as molecular switches, cycling between an inactive GDP-bound state and an active GTP-bound state (Barr, 2009; Stenmark, 2009 ). Rabs are activated by guanine nucleotide exchange factors (GEFs), which catalyze GDP/GTP nucleotide exchange. Activated Rabs anchor to organelle membranes, where they recruit downstream effectors that facilitate vesicular transport. Though Rabs were originally thought to be restricted to specific pathways, it has become increasingly apparent that individual Rabs can coordinate multiple transport pathways by recruiting effectors to different organelles (Lipatova and Segev, 2014) .
In budding yeast, the Rab GTPase Ypt1 coordinates several distinct trafficking events including the tethering of COP II vesicles during ER-Golgi transport and membrane expansion during autophagosome formation (Jedd et al., 1995; Lynch-Day et al., 2010) . Additional functions have been proposed for Ypt1 at the late Golgi, including endosome-Golgi transport and vesicle formation (Sclafani et al., 2010; McDonold and Fromme, 2014 ), yet a role for Ypt1 at the late Golgi remains controversial (Lipatova et al., 2013; Kim et al., 2016a) . Similarly, the mammalian homologue of Ypt1, Rab1, has conserved functions in ER-Golgi transport, intra-Golgi trafficking, and autophagosome formation (Plutner et al., 1991; Tisdale et al., 1992; Zoppino et al., 2010) .
Ypt1 activity is controlled by the transport protein particle (TRA PP) family of multisubunit complexes (Barrowman et al., 2010) . TRA PP was originally identified in budding yeast as a complex that copurified with the subunit Bet3 (Sacher et al., 1998) . The complex was subsequently delineated into two related complexes, TRA PPI and TRA PPII, with distinct roles in ER-Golgi and late Golgi trafficking, respectively (Sacher et al., 2001) . A third autophagy-specific complex, TRA PPI II, was later proposed on the basis that the subunit Trs85 is important for autophagy but apparently dispensable for trafficking in healthy cells (Lynch-Day et al., 2010) . More recently, a fourth TRA PP complex was proposed to exist based on synthetic genetic interactions between the genes encoding the Trs85 and Trs33 subunits (Lipatova et al., 2016) . All four TRA PP complexes have been implicated as GEFs for Ypt1 (Wang et al., 2000; Lynch-Day et al., 2010) , although it remains controversial as to whether TRA PPII activates Ypt1 in vivo (Morozova et al., 2006; Zou et al., 2012; Lipatova et al., 2013; Thomas and Fromme, 2016) .
Homologues of all budding yeast TRA PP subunits have been identified in metazoans and assigned to only two distinct TRA PP complexes, TRA PPII and TRA PPI II (Yamasaki et al., 2009; Bassik et al., 2013; Wang et al., 2013; Lamb et al., 2016) . Mammalian TRA PPII has a conserved role in late Golgi trafficking, and TRA PPI II has been implicated in both ER-Golgi transport and autophagy (Barrowman et al., 2010; Behrends et al., 2010; Zoppino et al., 2010; Scrivens et al., 2011; Bassik et Rab GTPases serve as molecular switches to regulate eukaryotic membrane trafficking pathways. The transport protein particle (TRA PP) complexes activate Rab GTPases by catalyzing GDP/GTP nucleotide exchange. In mammalian cells, there are two distinct TRA PP complexes, yet in budding yeast, four distinct TRA PP complexes have been reported. The apparent differences between the compositions of yeast and mammalian TRA PP complexes have prevented a clear understanding of the specific functions of TRA PP complexes in all cell types. In this study, we demonstrate that akin to mammalian cells, wild-type yeast possess only two TRA PP complexes, TRA PPII and TRA PPI II. We find that TRA PPI II plays a major role in regulating Rab activation and trafficking at the Golgi in addition to its established role in autophagy. These disparate pathways share a common regulatory GTPase Ypt1 (Rab1) that is activated by TRA PPI II. Our findings lead to a simple yet comprehensive model for TRA PPI II function in both normal and starved eukaryotic cells.
The TRA PPI II complex activates the GTPase Ypt1 (Rab1) in the secretory pathway Brunet and Sacher, 2014; Kim et al., 2016b; Lamb et al., 2016) . Differences between the number and subunit composition of TRA PP complexes in yeast and mammalian cells has prevented a clear determination of their distinct functions.
Consistent with a lack of TRA PPI in higher eukaryotes, several studies have suggested that the TRA PPI complex in yeast may be a purification artefact (Brunet et al., 2012 (Brunet et al., , 2013 .
In fractionation experiments isolating individual TRA PP complexes, the amount of TRA PPI is often very low (Menon et al., 2006; Lynch-Day et al., 2010; Choi et al., 2011) . Furthermore, the abundance of TRA PPI increases under highsalt conditions or in TRA PP complex mutants (Montpetit and Conibear, 2009; Choi et al., 2011; Brunet et al., 2012 Brunet et al., , 2013 , indicating that TRA PPI may be a product of destabilized TRA PPII and TRA PPI II in vitro.
In this study, we use two different methods to report that TRA PPII and TRA PPI II are the only detectable TRA PP complexes in WT yeast cells. We show that TRA PPI II-catalyzed nucleotide exchange is an order of magnitude faster than that of TRA PPI in physiological enzyme activity assays. Correspondingly, we find that Ypt1 activation and Golgi trafficking is significantly perturbed in TRA PPI II mutant cells. We propose that only two TRA PP complexes exist in most eukaryotic cells, TRA PPII and TRA PPI II, and that TRA PPI II performs the ER-Golgi trafficking functions previously assigned to TRA PPI.
Our findings support conserved roles for the two TRA PP complexes in both yeast and mammalian cells and indicate that TRA PPI II activates Ypt1/Rab1 to regulate two distinct pathways: normal growth and autophagy.
Results
The TRA PPI complex is virtually absent in WT yeast cells Before 2010, two TRA PP complexes were reported to exist in yeast: TRA PPI contained the subunit Trs85 and facilitated ER-Golgi traffic, and TRA PPII coordinated transport events at the late Golgi (Sacher et al., 2001) . The existence of a third TRA PP complex was subsequently suggested based on fractionation of TRA PP complexes purified from yeast, and Trs85 was assigned to an autophagy-specific complex, TRA PPI II, distinct from the TRA PPI complex containing only the six core subunits ( Fig. 1 A; Lynch-Day et al., 2010) . However, the key fractionation experiments were performed using immunoblots of individual subunits, which did not allow for the quantification of the relative stoichiometry of each subunit in all TRA PP complexes. Furthermore, the amount of TRA PPI in all previous studies appeared to be relatively low, and the abundance of TRA PPI has been shown to increase with high salt or in complex-destabilizing mutants (Montpetit and Conibear, 2009; Lynch-Day et al., 2010; Choi et al., 2011; Brunet et al., 2012 Brunet et al., , 2013 , suggesting that TRA PPI may be an artefact of purification.
To obtain a stoichiometric assessment of the TRA PP complexes in cells, we purified "composite" TRA PP from log-phase budding yeast using a tandem affinity purification (TAP)-tag on the core subunit Bet3 and visualized all subunits using colloidal Coomassie (Fig. 1 B) . Our buffers contained 300 mM NaCl, the lowest salt concentration that allows for the efficient release of TRA PP complexes from membranes (Choi et al., 2011) . For comparison, we purified individual TRA PPII and TRA PPI II complexes using TAP tags on the complex-specific subunits Trs120 and Trs85, respectively. As TRA PPI lacks complexspecific subunits, we purified recombinant TRA PPI (rTRA PPI) by coexpressing the six core subunits in Escherichia coli. Using the colloidal Coomassie staining intensity, we measured the amount of each subunit in the composite TRA PP purification, and abundance of TRA PPII and TRA PPI II were determined from the mean molarity of the complex-specific subunits Trs120, Trs130, and Trs65 (TRA PPII) or Trs85 (TRA PPI II). To determine the relative amount of TRA PPI, we subtracted the molarity of TRA PPII and TRA PPI II from that of the shared core subunits. TRA PPI II accounts for approximately two thirds of composite TRA PP, and TRA PPII makes up the remaining one third (Fig. 1 C) . We observed no excess core subunits, indicating a lack of TRA PPI and TRA PPIV in WT yeast cells.
The TRA PP core subunits colocalize completely with TRA PPII-and TRA PPI IIspecific subunits
The in vitro analysis of TRA PP subunit ratios presented in the previous section provides strong evidence that yeast contain only two TRA PP complexes. However, it is possible that the relative amounts of each complex were altered during purification. To complement this approach, the distribution of TRA PP subunits was monitored in vivo using fluorescence microscopy of live cells. By endogenously tagging the core subunit Bet3 with an RFP, all TRA PP complexes can be visualized simultaneously. Concurrent tagging of endogenous Trs85 (TRA PPI IIspecific) and Trs130 (TRA PPII-specific) with a GFP provided opportunity to monitor each complex individually or together ( Fig. 2 A) . We reasoned that combining these fusion proteins in a stepwise fashion would allow us to elucidate the balance of distinct TRA PP complexes in vivo.
We found that Trs85 and Bet3 colocalize partially but not completely ( Fig. 2 A) , indicated by a mix of white puncta (corresponding to overlap of the two fluorophores) and magenta puncta (indicating a complex containing Bet3 but not Trs85likely TRA PPII). Similarly, Trs130 and Bet3 colocalized well, but also not completely. In contrast, the cells containing Trs85-mNeonGreen, Trs130-mNeonGreen, and Bet3-mRFPmars only displayed overlapping white puncta ( Fig. 2 A) . The Manders Overlap Coefficient was used for quantification of the extent of colocalization and indicated that ∼30% of Bet3 puncta colocalized with Trs85, whereas almost 70% of Bet3 puncta overlapped with Trs130 ( Fig. 2 B) . Nearly all Bet3 fluorescence overlapped with either Trs85 or Trs130, suggesting that Bet3 is always associated with either TRA PPII-or TRA PPI IIspecific subunits. This indicates that distinct TRA PPI or TRA PPIV complexes are not detectable at punctate structures in vivo. Collectively with the results of the biochemical purifications, these data indicate that only two TRA PP complexes, TRA PPII and TRA PPI II, exist in cells.
TRA PPI II activates Ypt1 significantly faster than TRA PPI
Previous studies have observed similar nucleotide exchange activity for TRA PPI, TRA PPII, and TRA PPI II, consistent with TRA PPI functioning as a physiological Ypt1 GEF (Sacher et al., 2001; Cai et al., 2008; Lynch-Day et al., 2010) . These studies all measured TRA PP-mediated nucleotide exchange on Ypt1 in solution. In agreement with these studies, we found that rTRA PPI activated soluble Ypt1 nearly as fast as TRA PPI II (Fig. 3, A and B ). In cells, however, Rab GTPase activation (B) Composite TRA PP was purified from log-phase yeast using the shared core subunit Bet3. Distinct TRA PP complexes were purified from yeast or E. coli using the indicated affinity tag. (C) Quantification of the relative abundance of individual TRA PP subunits (left) and TRA PPI, TRA PPII, and TRA PPI II complexes (right) in yeast. Composite TRA PP was purified via Bet3-TAP, and molarities of each complex were determined from complex-specific subunits. Error bars represent 95% confidence intervals (CIs). n = 4 independent purifications. **, P < 0.01; ***, P < 0.001 for one-way ANO VA with Tukey's test for multiple comparisons.
takes place at the membrane surface. We therefore aimed to more closely replicate the in vivo conditions by comparing TRA PPI and TRA PPI II activity with native prenylated Rab/ GDP dissociation inhibitor (GDI) substrates in the presence of liposome membranes. With this more physiological assay (Thomas and Fromme, 2016) , we found that TRA PPI II was an order of magnitude more active than TRA PPI (Figs. 3 C and S1 A). We also found that recombinant TRA PPI II (rTRA PPI II) purified from E. coli had nearly identical activity to endogenous TRA PPI II purified from yeast (Figs. 3 D and S1 B). Consistent with previous research (Wang et al., 2000) , we found that TRA PPI II did not activate the Rab GTPases Ypt31, Ypt6, Sec4, or Vps21 (Fig. S1 C and not depicted), confirming that TRA PPI II is a specific Ypt1 GEF.
We observed a fivefold increase in TRA PPI II activity toward the prenylated Ypt1/GDI substrate in the presence of membranes compared with nonprenylated Ypt1 activation in the absence of membranes (compare rates in Fig. 3, B and C). Membranes have been shown to play a key role in GEF-mediated GTPase activation (DiNitto et al., 2007; Richardson et al., 2012; Stalder and Antonny, 2013; Thomas and Fromme, 2016; Peurois et al., 2017) , and our data indicate that this is also the case for TRA PPI II.
TRA PPI II plays a major role in Ypt1 activation in vivo
If the TRA PPI complex is a purification artefact and is not biologically relevant in vivo, this raises the question of the identity of the GEF that activates Ypt1 under normal vegetative (nonautophagic) conditions. Several lines of evidence from previous studies suggest that the Trs85-containing TRA PPI II complex activates Ypt1 to mediate ER-Golgi and medial/ late Golgi transport. First, Trs85 was originally assigned to TRA PPI (Sacher et al., 2001) . Second, multiple studies have shown that trs85Δ cells are impaired in both ER-Golgi trafficking and endocytic recycling (Sacher et al., 2001 ; Lynch- Figure 2 . The TRA PPI core colocalizes completely with TRA PPII-and TRA PPI II-specific subunits. (A) Single focal planes are shown of live-cell fluorescence microscopy images under normal growth conditions. Cells are expressing endogenously tagged Bet3-3×mRFPmars with Trs85-mNeonGreen (top), Trs130-mNeonGreen (middle), or both (bottom). (B) The amount of overlap between Bet3 and Trs85, Trs130, or both was quantified using the Manders overlap coefficient. Images were cropped to contain between four and nine cells, and then five images for each strain were analyzed to create the mean Manders overlap coefficient. Error bars represent 95% CIs. *, P < 0.05; **, P < 0.01; ***, P < 0.001 for unpaired two-tailed t test with Welch's correction. Arrowheads designate Bet3 puncta that do not overlap with either Trs85 or Trs130. Dashed lines represent cell boundaries. Bar, 2 µm. Day et al., 2010; Zou et al., 2012; Shirahama-Noda et al., 2013) . Finally, mammalian TRA PPI II has been reported to play a role in both autophagy and early secretory pathway ricin susceptibility (Zoppino et al., 2010; Scrivens et al., 2011; Bassik et al., 2013; Lamb et al., 2016) , raising the possibility that yeast TRA PPI II may activate Ypt1 to coordinate multiple trafficking pathways.
To test whether TRA PPI II is important for Ypt1 activation under normal growth conditions, we examined the localization of GFP-Ypt1 in trs85Δ mutant cells. We used the extent of Ypt1 localization to punctate compartments as a measurement of Rab activation. In WT cells, GFP-Ypt1 localized predominantly to Gea1-and Sec7-labeled early and medial/late Golgi compartments (Figs. 4 A and S2 A). In contrast, in trs85Δ mutant cells, Ypt1 was nearly completely cytosolic. In control experiments, the Rab GTPases Ypt6 and Ypt31, which are not in vitro sub-strates for TRA PPI II, remained localized to Golgi compartments in trs85Δ cells (Figs. 4 B and S2 B).
To control for the possibility of adaptation artefacts in trs85Δ mutant cells, we used the anchor-away system (Haruki et al., 2008) to trigger acute depletion of the TRA PPI II-specific subunit Trs85. Trs85 was tagged with mRFPmars-FRB in cells expressing the plasma membrane (PM) hook Pma1-2×FKBP ( Fig. 4 C) . After the addition of rapamycin, Trs85-mRFPmars-FRB was rapidly sequestered at the PM, but a corresponding relocalization of the core subunit Bet3-GFP was not observed (Fig. S2 , C and D). Analysis of Bet3-GFP localization in this experiment was confounded by the significant proportion of Bet3 in the TRA PPII complex (Fig. 2) ; nevertheless, the nearly complete lack of colocalization of Bet3-GFP with the Trs85-mRFPmars-FRB puncta sequestered at the PM suggests that the anchor-away treatment dissociated Trs85 from the rest of the TRA PPI II complex. In comparison with untreated cells, Ypt1 was mislocalized to the cytoplasm after anchor-away of Trs85 (Fig. 4 D) . In control experiments, Ypt6 activation was not affected by sequestration of Trs85 at the PM (Fig. S2 E) . Collectively, these data indicate that in addition to its previously demonstrated role in autophagy, TRA PPI II is critical for efficient Ypt1 activation at the Golgi in healthy (nonstarved) cells.
TRA PPI II and the Rab-GTPase-activating protein (GAP) Gyp1 control the level of Ypt1 at the Golgi
Previous studies have implicated Ypt1 in coordinating endosome-Golgi transport and vesicle formation (Sclafani et al., 2010; McDonold and Fromme, 2014 ), yet a role for Ypt1 at the late Golgi remains controversial (Lipatova et al., 2013; Kim et al., 2016a) . We and others have observed that a significant fraction of Ypt1 colocalizes with the late Golgi/TGN marker Sec7 ( to test whether TRA PPI II also localizes to the late Golgi to activate this pool of Ypt1. In agreement with TRA PPI II functioning as a Ypt1 GEF during normal growth, Trs85 colocalized well with Ypt1 at Golgi compartments in nonautophagic cells (Fig. 5 , A and C). Trs85 showed limited overlap with the early Golgi proteins Vrg4 and Gea1 (Fig. 5 , A and C; and Fig. S3 A), consistent with a previous study that did not observe TRA PP complexes at early Golgi compartments (Montpetit and Conibear, 2009) . In contrast, Trs85 colocalized well with markers of the medial Golgi (Sed5 and Ypt6; Fig. 5 , A and C) and late Golgi/ TGN (Sec7 and Trs130; Fig. 5 , B and C). Trs85 overlapped less with Ypt31/32 (Figs. 5 C and S3 A), one of the last proteins to appear at the TGN during secretory vesicle formation, indicating that TRA PPI II localizes to medial/late Golgi compartments and likely leaves the Golgi before terminal vesiculation.
Trs85 exhibited the highest degree of colocalization with Sec7, prompting us to test whether TRA PPI II localization is dependent on Sec7 activity. In contrast with the related TRA PPII complex, which is recruited to the Golgi by Sec7-activated Arf1 (Thomas and Fromme, 2016) , association of Trs85 with membranes was not impaired after inhibition of Sec7 ( Fig.  S3 B) or in arf1Δ cells ( Fig. S3 C) . Instead, Trs85 accumulated at Golgi compartments after Sec7 inhibition, suggesting that the signal for TRA PPI II to dissociate from the Golgi lies downstream of Sec7.
Previous studies have reported that Trs85 colocalizes with Sec7 at late Golgi compartments (Montpetit and Conibear, 2009; Shirahama-Noda et al., 2013) , but proposed a role for TRA PPI II in tethering endocytic vesicles. To test whether a major role of TRA PPI II at the medial/late Golgi was activating Ypt1, we used time-lapse imaging to observe the dynamics of TRA PPI II and Ypt1 at Golgi compartments. Consistent with previous studies (Rivera-Molina and Novick, 2009; Suda et al., 2013; McDonold and Fromme, 2014; Kim et al., 2016a; Thomas and Fromme, 2016) , we found that Ypt1 recruitment peaked ∼20 s upstream of Sec7, with Ypt6 peaking at a similar time (Fig. 6 , A and C; and Fig. S4 A) . We observed that Trs85 arrived at the medial/late Golgi before the peak of Ypt1 (Fig. 6 , A and C), providing an explanation for the increasing levels of Ypt1 found at this compartment. Curiously, Ypt1 levels began to decline when Trs85 levels were at their peak. We questioned whether the Ypt1 GAP Gyp1 could be responsible for the timing of this decline. Consistent with a previous study (Rivera-Molina and Novick, 2009), we found that Gyp1 began to accumulate directly downstream of Sec7, partially overlapping with Trs85 and coinciding with the decline of Ypt1 at the Golgi (Fig. 6, B and C; and Fig. S4 B) . Collectively, these data suggest that opposing activities of TRA PPI II and Gyp1 control the level of active Ypt1 at the medial/late Golgi.
TRA PPI II functions in normal trafficking through the Golgi complex
Previous studies have firmly established a role for Trs85 in autophagy; however, the role of Trs85 in Golgi trafficking has been less clear (Sacher et al., 2001; Meiling-Wesse et al., 2005; Lynch-Day et al., 2010; Zou et al., 2012; Shirahama-Noda et al., 2013) . As an approach to uncover functional information from genetic network analysis, we generated a profile similarity network (PSN) map (Usaj et al., 2017) for TRS85 ( Fig. 7 A) . PSN analysis compares the set of genetic interactions of a particular gene with the genetic interactions sets for all other genes. If the interaction sets of two genes are similar, it can be inferred that the two genes have similar or related functions. The PSN indicated that TRS85 is functionally related to several genes known to mediate transport events at the Golgi complex. These genes can be grouped into four categories: (A) small GTPases, GEFs, and GAPs that function at the Golgi complex, (B) SNA REs, Sec1/Munc18 (SM) proteins, and protein tethers at the Golgi complex, (C) Golgi vesicle coat proteins and cargo receptors, or (D) other TRA PP subunits. Importantly, these genes include USO1 and subunits of the conserved oligomeric Golgi (COG) complex, vesicle tethers that are effectors of Ypt1 (Suvorova et al., 2002) and essential components of the secretory pathway. This PSN analysis provides strong support for an important role of Trs85 in normal secretory trafficking through the Golgi complex.
As a functional test of the role of Trs85 in regulating Golgi trafficking, we monitored the secretion of the ER-resident protein Kar2. Under normal growth conditions in WT cells, Kar2 is localized to the ER via constant recycling from the Golgi complex back to the ER. Previous studies have shown that when ER quality control or trafficking at the Golgi complex is disrupted, Kar2 will be aberrantly secreted from the cell (Schuldiner et al., 2005 (Schuldiner et al., , 2008 . Thus, secretion of Kar2 can be used as an indicator for improper trafficking at the Golgi complex. A genomewide screen determined that trs85Δ mutants secrete Kar2 at levels above those of WT cells (Copic et al., 2009) . In agreement with this study, we found that trs85Δ cells exhibit a significant level of Kar2 secretion compared with WT cells (Fig. 7 B) . To determine whether this phenomenon is the result of Trs85 function in autophagy, we examined Kar2 secretion in known autophagy mutants (atg1Δ and atg13Δ). These autophagy mutants did not secrete significant amounts of Kar2 (Fig. 7 B) , indicating that the Kar2 secretion phenotype of trs85Δ is independent of the role of Trs85 in the autophagy pathway.
To assess the magnitude of the Kar2 secretion phenotype of a trs85Δ mutant, we also examined Kar2 secretion in get1Δ cells, a mutant known to exhibit significant Golgi trafficking defects (Schuldiner et al., 2008) , as well as in ypt1-3 mutant cells at the permissive temperature ( Fig. 7 C) . Kar2 secretion in trs85Δ and ypt1-3 cells was similar but lower than that of the get1Δ mutant cells. These results indicate that loss of Trs85 compromises Golgi trafficking but that in the absence of Trs85, the resulting TRA PPI complex (present only in trs85Δ mutant cells) is sufficient to provide a minimal level of activated Ypt1 required for growth.
To gain insight into whether Kar2 secretion can arise through defects in endosome-to-Golgi trafficking, we examined cells lacking Snx4, Tlg2, Vps17, or Vps21/Ypt51 (Fig. 7 D) . Neither vps17Δ nor vps21/ypt51Δ mutants exhibited Kar2 secretion, indicating that the vacuolar protein sorting (VPS) pathway is not required for proper Kar2 retention. However, both snx4Δ and tlg2Δ mutants secreted Kar2 at a level similar to that of trs85Δ. Given the role of Tlg2 as a SNA RE involved in fusion of endosome-derived vesicles at the Golgi (Lewis et al., 2000) and the role of Snx4 in proper recycling of SNA REs to the Golgi (Hettema et al., 2003) , we interpret these results to mean that proper Golgi homeostasis is required for normal Kar2 retention, as previously reported (Schuldiner et al., 2005 (Schuldiner et al., , 2008 Copic et al., 2009) , and that VPS function is not required.
Finally, we wished to test the functional effects of acute Trs85 depletion via anchor-away. The Kar2 secretion assay requires a long time course, so instead we monitored trafficking of the cargo GFP-Snc1. Snc1 is a v/R-SNA RE protein that functions in the fusion of Golgi-derived secretory vesicles with the PM and is recycled back to the Golgi via endocytosis. Anchor-away of Trs85 resulted in a reduction in the amount of GFP-Snc1 observed at the PM (Fig. S5, A and B) , similar to a more dramatic phenotype observed in trs85Δ cells at elevated temperature ( Fig. S5 C; Zou et al., 2012) and consistent with a role for Trs85 in proper function of the secretory and/or PM recycling pathways that transit through the Golgi in budding yeast. Collectively, our findings demonstrate that Trs85 functions in normal Golgi trafficking in addition to its role in autophagy.
Discussion
The lack of obvious secretory pathway defects in previous research involving trs85Δ mutants was the primary rationale for the assignment of Trs85 to an autophagy-specific TRA PP complex (Lynch-Day et al., 2010). However, previously reported TRA PP complex fractionations resulted in the isolation of relatively low amounts of TRA PPI, which increased under high-salt conditions or in complex-destabilizing mutants (Montpetit and Conibear, 2009; Choi et al., 2011; Brunet et al., 2012 Brunet et al., , 2013 . For example, levels of TRA PPI and TRA PPII increased and decreased, respectively, in tca17Δ or trs33Δ mutants that likely destabilize TRA PPII to produce TRA PPI (Montpetit and Conibear, 2009; Choi et al., 2011) . A previous study also reported that the amount of TRA PPI increases in trs85Δ cells, presumably caused by a loss of TRA PPI II (Choi et al., 2011) . Our new biochemical, functional, and localization analyses lead us to conclude that yeast possess only two TRA PP complexes: TRA PPII and TRA PPI II, akin to mammalian cells. The TRA PPI complex represents the core subunits of each but does not appear to be present as a distinct complex at detectable levels in normal yeast or mammalian cells.
We found that TRA PPI II is required for activating the bulk of Ypt1 at the Golgi and also for normal Golgi trafficking. A subset of Ypt1 remained at Golgi compartments in trs85Δ cells, implying that the TRA PPI core in trs85Δ mutants activates sufficient levels of Ypt1 during ER-Golgi transport to support viability. In contrast, trs85Δ mutants exhibit more pronounced autophagy phenotypes, perhaps because Trs85 physically interacts with several proteins involved in autophagy (Kakuta et al., 2012; Lipatova et al., 2012; Wang et al., 2013) . We cannot completely rule out the possibility that small, transient amounts Figure 7 . TRA PPI II mediates Golgi trafficking. (A) The PSN of TRS85, showing all genes with similar genetic interactions, using a similarity cutoff of 0.4. Note that Uso1 and the COG complex mediate vesicle tethering at the Golgi complex and are known effectors of Ypt1, which is activated by TRA PPI II. (B) Western blot for Kar2 of TCA-precipitated cell and media fractions under normal growth conditions showing aberrant Kar2 secretion in trs85Δ cells but not atg1Δ or atg13Δ autophagy mutants. (C) Western blot comparing Kar2 secretion in trs85Δ and ypt1-3 mutants with that of get1Δ cells, a mutant previously shown to significantly disrupt ER-Golgi transport (Schuldiner et al., 2005) . (D) Western blot comparing Kar2 secretion in a trs85Δ mutant with that of snx4Δ and tlg2Δ endosome-recycling mutants or vps17Δ and vps21Δ VPS mutants. Blots are representative of three independent experiments. of TRA PPI function in ER-Golgi trafficking in WT cells. However, the simplest explanation of our data is that TRA PPI II is the primary activator of Ypt1 in the secretory pathway and that TRA PPI II performs the ER-Golgi transport functions previously assigned to TRA PPI.
Although the role of Ypt1 in ER-Golgi transport has been well established, a function for Ypt1 at the medial/late Golgi remains more controversial (Lipatova et al., 2013) . Multiple groups have reported significant colocalization of Ypt1 with the late Golgi/TGN marker Sec7 (Sclafani et al., 2010; Kim et al., 2016a ), yet a recent study proposed that these are "transitional" compartments rather than true late Golgi compartments (Kim et al., 2016a) . Given the broad distribution of Sec7 across the medial/late Golgi, it is likely that the transitional compartment corresponds to a medial Golgi compartment that has just begun to acquire Sec7. A major argument against a role for Ypt1 at the medial/late Golgi is the controversy regarding TRA PPII as a GEF for Ypt1 (Morozova et al., 2006; Zou et al., 2012; Thomas and Fromme, 2016) . We previously determined that TRA PPII can activate Ypt1 in vitro, but it appears to have only a minor role in Ypt1 activation in vivo (Thomas and Fromme, 2016) . Given the significant loss of Ypt1 localization in trs85Δ cells and our previous observation that TRA PPII arrives far downstream of Ypt1 (Thomas and Fromme, 2016) , we conclude that TRA PPI II is the primary Ypt1 GEF at the Golgi. Consistent with a previous study (Shirahama-Noda et al., 2013) , we also observed that TRA PPI II localizes to medial/late Golgi compartments, arriving at the medial/late Golgi just before peak Ypt1 activation (Figs. 5, 6, S3, and S4) . Previous studies have reported that endosome-Golgi transport is compromised in both Ypt1 and Trs85 mutants (Sclafani et al., 2010; Shirahama-Noda et al., 2013) ; furthermore, our PSN analysis suggests that TRA PPI II functions in the same or similar pathway or pathways as the COG complex, a Ypt1 effector that mediates intra-Golgi trafficking and endosome-Golgi transport (Ungar et al., 2006) . Collectively, these observations suggest that TRA PPI II-activated Ypt1 contributes to endocytic recycling and thereby strongly support a function for Ypt1 at the medial/ late Golgi. In future studies, it will be important to determine the mechanism by which TRA PPI II is recruited to medial/ late Golgi compartments.
Our observation that Ypt1 is present at the Golgi complex before the arrival of Trs85 was surprising. We postulate that this occurs because a pool of Ypt1 remains associated with the Golgi complex after arrival via fusion of Ypt1-laden COP II vesicles, a step that is regulated by the direct action of TRA PPI II. In addition to its partial localization to the medial/late Golgi, we observed that Trs85 localized to multiple smaller compartments that were not labeled with Golgi markers (Fig. 5, A and  B; and Fig. S3 A) and were not affected by inhibition of Sec7 activity (Fig. S3 B) or the ypt1-3 temperature-sensitive mutant that disrupts the Golgi (not depicted), indicating that TRA PPI II localizes to compartments in addition to the Golgi. Fluorescently tagged Trs85 appears as a diffuse haze throughout the cell in addition to its punctate localization. Cellular fractionation studies have shown that the majority of TRA PPI II is associated with membranes (Sacher et al., 1998; Lynch-Day et al., 2010) , and studies have shown that TRA PPI III associates directly with ER-derived COP II vesicles through an interaction between the core TRA PP subunit Bet3 and the COP II coat subunit Sec23 (Sacher et al., 2001; Yu et al., 2006; Cai et al., 2007; Lord et al., 2011; Bassik et al., 2013; Tan et al., 2013; Zhao et al., 2017) . Additionally, Trs85 and Ypt1 physically associate with Atg9 vesicles, an essential membrane source for autophagosome formation (Lynch-Day et al., 2010; Kakuta et al., 2012; Lipatova et al., 2012; Shirahama-Noda et al., 2013) . We therefore predict that the small Trs85-labeled compartments and cytoplasmic haze corresponds to TRA PPI II bound to highly mobile COP II and Atg9 vesicles. As the essential function of Ypt1 appears to be ER-Golgi transport rather than endocytic recycling at the medial/late Golgi, we assume that a significant fraction of TRA PPI II is devoted to activating Ypt1 on COP II vesicles. Combining our fluorescent and biochemical data, we estimate that <20% of the TRA PPI II in cells is localized to medial/late Golgi puncta, whereas >80% of the TRA PPI II in cells is localized diffusely to transport vesicles.
Previous models have proposed that Ypt1 activity is controlled by distinct GEFs in the biosynthetic pathway (TRA PPI) and autophagy (TRA PPI II; Lynch-Day et al., 2010; Davis et al., 2017) , but there is also a precedent for the regulation of both normal and autophagic trafficking by the same GEF: the Rab GTPases Ypt7 and Vps21 are activated by the same GEFs (Mon1/Ccz1 and Vps9, respectively) under both normal trafficking conditions and during autophagy (Wang et al., 2002; Chen et al., 2014) . Furthermore, Ypt7 and Vps21 recruit the same effectors to mediate both endolysosomal transport and autophagy. Similarly, Ypt1 recruits the tethering complex COG as an effector to capture incoming vesicles at the Golgi (Suvorova et al., 2002) . COG has also been implicated in autophagy, and COG subunits localize to the phagophore assembly site/preautophagosomal structure (PAS; Yen et al., 2010) , supporting a model in which GEF-Rab-effector modules may play similar roles in both healthy and starved cells.
In light of the extensive literature on the role of the TRA PP complexes, our findings lead to a new model in which TRA PPI II and Ypt1 control membrane trafficking events under normal growth conditions and during autophagy. In this model, the COP II coat subunit Sec23 recruits TRA PPI II to COP II vesicles once they bud from the ER in both normal and starved cells (Fig. 8) . TRA PPI II then activates Ypt1, either directly on COP II vesicles or in trans at the cis-Golgi or PAS, to mediate vesicle tethering and fusion. TRA PPI II likely dissociates from membranes once COP II vesicles completely uncoat, explaining why Ypt1 localizes to early Golgi compartments but TRA PPI II does not. TRA PPI II is also recruited to medial/late Golgi compartments, where it activates additional Ypt1 to facilitate vesicle formation (via its role in Sec7 recruitment) as well as endosome-Golgi transport in both normal and starved cells. Finally, TRA PPI II also activates Ypt1 at the PAS to facilitate membrane expansion during autophagosome formation. Therefore, TRA PPI II is responsible for activating Ypt1 at multiple locations to coordinate multiple distinct membrane transport pathways in both normal growth and autophagy.
Materials and methods

Strains and plasmids
All yeast strains and plasmids were constructed using standard techniques and are described in Tables S1 and S2. Several plasmids and strains were obtained from R. Collins and S. Emr (Cornell University, Ithaca, NY), S. Ferro-Novick (University of California, San Diego, La Jolla, CA), B. Glick (University of Chicago, Chicago, IL), K. Reinisch (Yale University, New Haven, CT), N. Segev (University of Illinois at Chicago, Chicago, IL), A. Spang (Biozentrum, Basel, Switzerland), and C. Ungermann (University of Osnabrück, Osnabrück, Germany).
Antibodies and inhibitors
The anti-Kar2 rabbit polyclonal antibody was a gift from E. Miller (Medical Research Council Laboratory of Molecular Biology, Cambridge, England, UK) and was used at a 1:10,000 dilution. The anti-GFP mouse monoclonal antibody was purchased from Santa Cruz Biotechnology, and was used at a dilution of 1:500. The anti-glucose-6-phosphate dehydrogenase (G6PDH) rabbit polyclonal antibody was purchased from Sigma-Aldrich (SAB2100871) and was used at a concentration of 1:30,000.
To test whether Sec7 activity plays a role in TRA PPI II recruitment to Golgi compartments, 40 µM 6-methyl-5-nitro-2-(trifluoromethyl)-4H-chromen-4-one (MNTC; MolPort) was added to growth media 20 min before imaging. To deplete TRA PPI II from the Golgi in anchor-away experiments, cells expressing Pma1-2×FKBP and Trs85-mRFPmars-FRB were treated with 1 µg/ml rapamycin (LC Laboratories) for 1 h before imaging. The rapamycin growth plates shown in Fig. S2 D contained 1 µg/ml rapamycin.
TRA PP purification from yeast
Endogenous TRA PP complexes were purified from 12 liters of log-phase yeast expressing Trs120-TAP (TRA PPII), Trs85-TAP (TRA PPI II), or Bet3-TAP (composite TRA PP). The TAP tag used in this study consisted of a calmodulin-binding peptide separated from a protein A tag by a tobacco etch virus (TEV) protease site. Yeast cells were lysed using a BeadBeater (Biospec) or freezer mill (SPEX Sam-plePrep) in lysis buffer (20 mM Hepes, pH 7.4, 300 mM NaCl, 5% glycerol, 1% CHA PS, 2 mM MgCl 2 , 1 mM DTT, 50 mM NaF, 0.1 mM Na 3 VO 4 , 1 mM PMSF, and 1× protease inhibitor cocktail [Roche]). The lysate was cleared by centrifugation and incubated with Sepharose 6B (Sigma-Aldrich) for 30 min to remove any proteins that bind nonspecifically to Sepharose. The cleared lysate was then incubated with IgG Sepharose (GE Healthcare) for 3 h at 4°C to isolate protein A-tagged TRA PP complexes. The resin was then washed with IPP300 buffer (25 mM Tris-HCl, pH 8.0, 300 mM NaCl, 5% glycerol, 0.1% CHA PS, and 1 mM DTT) followed by TEV cleavage buffer (IPP300 with 0.5 mM EDTA), and TRA PP complexes were cleaved off the resin by overnight treatment with TEV protease at 4°C. Cleaved protein was diluted in calmodulin-binding buffer (25 mM Tris-HCl, pH 8.0, 300 mM NaCl, 5% glycerol, 0.1% CHA PS, 1 mM magnesium acetate, 1 mM imidazole, 2 mM CaCl 2 , and 1 mM DTT) and incubated with calmodulin Sepharose (GE Healthcare) for 2-3 h at 4°C. The calmodulin resin was then washed with calmodulin binding buffer, and TRA PP complexes were eluted using calmodulin elution buffer (25 mM Tris-HCl, pH 8.0, 300 mM NaCl, 5% glycerol, 0.1% CHA PS detergent, 1 mM magnesium acetate, 1 mM imidazole, 20 mM EGTA, and 1 mM DTT).
Samples from each "composite" TRA PP preparation (purified via Bet3-TAP) were run on a 15% SDS-PAGE gel, stained for total protein using colloidal Coomassie (Bio-Rad Laboratories), and imaged with an Odyssey instrument (LI-COR Biosciences). For each purification, the molarities of all individual TRA PP subunits were measured using ImageJ (National Institutes of Health). The amount of total TRA PP complexes in each preparation was then determined by averaging the molarities of the shared core subunits Trs33, Trs31, Bet3, Trs23, Trs20, and Bet5. Individual TRA PP complex preparations contained approximately stoichiometric amounts of all core subunits with two copies of Bet3.
To determine the mean abundance of individual subunits ( Fig. 1 C, left) , the measured molarity of each subunit was divided by that calculated for total TRA PP complexes within the same preparation. Amounts of TRA PPII and TRA PPI II complexes present ( Fig. 1 C,  right) were calculated from the mean molarities of the complexspecific subunits Trs65, Trs120, and Trs130 or Trs85, respectively (Tca17 was excluded from the analysis because its signal was too close to the background). The amount of TRA PPI present was then determined by subtracting the amount of TRA PPII and TRA PPI II from that of total TRA PP within the same preparation.
Recombinant protein purification
All recombinant proteins were purified using Rosetta2 cells (Novagen). rTRA PPI was expressed from a single pCOL ADuet-1 vector contain- Figure 8 . TRA PPI II activates Ypt1 (Rab1) to mediate ER-Golgi transport, medial/late Golgi trafficking, and autophagy. Model for TRA PPI II controlling Ypt1 activation in both the secretory pathway and autophagy. TRA PPI II is the primary activator of Ypt1 (Rab1), whereas TRA PPII is the primary activator of Ypt31/32 (Rab11). In addition to its established role in autophagy, TRA PPI II activates Ypt1 on COP II vesicles to facilitate normal ER-Golgi transport and at the medial/late Golgi to mediate normal endosome-Golgi trafficking. TRA PPII activates Ypt31/32 at the TGN to coordinate secretory vesicle formation and trafficking. TRA PPII and Ypt31/32 have also been reported to play a role in autophagy (Zou et al., 2013) . PAS, phagophore assembly site/preautophagosomal structure.
ing the six core genes (TRS33, TRS31, TRS23, BET3, TRS20, and BET5; pLT14) with a cleavable N-terminal His 6 tag on TRS31. The expression vector was transformed into Rosetta2 E. coli and grown in 1-4 liters terrific broth (TB) to an OD 600 of ∼3.0. Protein expression was then induced with 300 µM IPTG for 12-16 h at 18°C. Cells were lysed by sonication in lysis buffer (40 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10% glycerol, 10 mM imidazole, 2 mM MgCl 2 , 5 mM β-mercaptoethanol [BME], and 1 mM PMSF), and the lysate was cleared by centrifugation. His-tagged rTRA PPI was affinity purified using Ni-NTA resin (QIA GEN), and complexes were eluted using elution buffer (lysis buffer with 250 mM imidazole). Eluted protein was treated with TEV protease overnight at 4°C to remove the His 6 tag. Stoichiometric complexes were isolated using gel filtration with a Superdex 200 10/300 GL column (GE Healthcare); for consistency across endogenous and recombinant TRA PP complexes, calmodulin elution buffer was used for gel filtration.
rTRA PPI II was purified by coexpressing the following two plasmids in Rosetta2 cells: a rTRA PPI plasmid with the His 6 tag removed from TRS31 (pLT21) and pETDuet-1 containing TRS85 with a C-terminal TAP tag (pLT92). rTRA PPI II was purified from 4-8 liters of cells using the same protocol as for endogenous TRA PP complexes, with a final gel filtration step used to isolate stoichiometric complexes.
His-tagged Mrs6 and Bet2-Bet4 complexes were purified from 1-8 liters TB in the same manner as rTRA PPI complexes without TEV treatment to remove the His 6 tags. Prenylation buffer (20 mM Hepes, pH 7.4, 150 mM NaCl, 2 mM MgCl 2 , and 1 mM DTT) was used for gel filtration.
Rab GTPases and Gdi1 were expressed with cleavable Nterminal GST tags in the pGEX-6P vector backbone. GST-Rab constructs were purified with and without C-terminal His 7 tags; the Histagged Rabs were designed so that the His 7 tag replaced the C-terminal cysteines to allow for anchoring on membranes with Ni 2+ -DOGS. After protein expression, cells grown in 1-4 liters TB were lysed in lysis buffer (1× PBS, 2 mM MgCl 2 , 5 mM BME, and 1 mM PMSF). The cleared lysate was incubated with Glutathione resin (G-Biosciences) for 2-3 h at 4°C to isolate GST-tagged proteins. The resin was washed in lysis buffer, resuspended in PreScission cleavage buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2 mM MgCl 2 , and 1 mM DTT), and treated overnight with PreScission (3C) protease (GE Healthcare) at 4°C to remove the GST tag. Cleavage of the GST tag eluted the proteins from the resin.
Purified Rab GTPases were loaded with mantGDP (Biolog Life Science Institute) in order to measure nucleotide exchange in GEF activity assays. To generate prenylated Rab/GDI substrates, the mantG-DP-loaded Rab, Gdi1, His 6 -Mrs6, and His 6 -Bet2/Bet4 were mixed in a 10:10:1:1 molar ratio with a sixfold excess of geranylgeranyl pyrophosphate (Cayman) in prenylation buffer with 20 µM mantGDP added to maintain loading, and incubated at 37°C for 1 h to allow prenylation. After prenylation, imidazole was added for a final concentration of 10 mM. A 1/10th volume of Ni-NTA resin was then added, and the mixture was incubated at 4°C for 1 h to deplete His 6 -Mrs6 and His 6 -Bet2/Bet4. Prenylated Rab/GDI complexes were further purified using gel filtration to isolate stoichiometric complexes.
Liposome preparation
Synthetic TGN liposomes were prepared using a mixture of lipids that approximates the lipid composition of the TGN (Klemm et al., 2009 ). Lipids were combined, vacuum dried, rehydrated in HK buffer (20 mM Hepes, pH 7.4, and 150 mM KOAc), and extruded through 100-nm filters (Whatman) to generate liposomes. See Table S3 for the composition of TGN and phosphatidylcholine liposomes.
GEF activity assays
For assays with prenylated Rab substrates, nucleotide exchange was measured by sequentially adding 333 µM liposomes, 200 µM nonfluorescent GTP, and 250 nM mantGDP-labeled Rab to HK buffer with 2 mM MgCl 2 at 30°C. The mixture was then incubated at 30°C for 2 min to allow the Rab to begin partitioning into the membrane, and nucleotide exchange was initiated by the addition of 20 nM TRA PP. After the addition of TRA PP, mantGDP fluorescence was measured (365-nm excitation and 440-nm emission) for 20 min to obtain the exchange trace. To determine exchange rates, traces of fluorescence versus time were fit to a single exponential curve with an additional linear drift term using Prism (GraphPad Software). The resulting rate constants were divided by the GEF concentration to obtain the exchange rate.
Assays with soluble Rab-His 7 substrates were performed using identical conditions but without the addition of liposomes. To control for the intrinsic nucleotide exchange of soluble substrates, mock reactions were performed with buffer added instead of TRA PP complexes. Rate constants were obtained for replicate mock reactions and averaged, and the mean mock rate constant was subtracted from that of TRA PP-mediated reactions before dividing by the GEF concentration.
Kar2 secretion assay and GFP-Snc1 Western blot
Cells with endogenous mutations were grown to an OD 600 = 0.85 − 1 in YPD media. 1.2 ml of culture was transferred to an Eppendorf tube and spun for 5 min at 21,000 g. 1 ml of the supernatant fraction was transferred to a new tube and spun a second time for 5 min at 21,000 g, and then the entire supernatant was transferred to a clean tube. The cell pellet was washed once and then resuspended in 1 ml cold distilled H 2 O. Both the supernatant and cell pellet fractions were then subjected to TCA precipitation including acetone washes. Samples were resolved by SDS-PAGE and transferred to a polyvinylidene fluoride membrane before immunoblotting using anti-Kar2 primary antibody at 1:10,000 dilution and anti-rabbit secondary antibody at 1:20,000 dilution.
To test whether total GFP-Snc1 levels were altered by anchor-away of Trs85, cells expressing GFP-Snc1, Trs85-mRFPmars-FRB, and Pma1-2×FKBP (CFY3144) were grown to log phase and treated with 1 µg/ml rapamycin or DMSO as a control for 20 or 60 min. 10-OD units of cells were collected for each treatment and subjected to TCA precipitation. Levels of GFP-Snc1 were measured by immunoblotting with anti-GFP; anti-G6PDH was used as a loading control.
Microscopy
Cells were grown in synthetic dropout media at 30°C and imaged at room temperature in log phase on glass coverslips or in glass-bottomed dishes. Each image shown is a single focal plane. All images were processed using ImageJ, adjusting only the min/max brightness levels for clarity with identical processing of all images within a single figure panel. Time-lapse imaging series in Figs. 6 and S4 were generated by imaging each channel every 2 s for 2-4 min.
Images shown in Figs. 2, 6, and S4 A were captured with a CSU-X spinning-disk confocal microscope system (Intelligent Imaging Innovations) using a DMI6000 microscope (Leica Microsystems) outfitted with a CSU-X1 spinning-disk confocal unit (Yokogawa Electric Corporation) with a QuantEM 512SC (Photometrics). The objective was a 100× 1.46 NA Plan Apochromat oil immersion lens (Leica Microsystems). Additional components included a laser stack and mSAC (spherical aberration correction; Intelligent Imaging Innovations). SlideBook software was used to control the system (Intelligent Imaging Innovations).
All other images were acquired using a DeltaVision RT widefield deconvolution microscope (Applied Precision Ltd.), a 100× 1.35 NA objective oil immersion lens, and a CoolSNAP HQ camera (Photometrics) and deconvolved (conservative setting; six cycles) using Soft-WoRx software (Applied Precision Ltd.).
Image analysis
Line-trace analysis was performed using ImageJ to quantify the amount of cytosolic versus Golgi-localized Ypt1, Ypt6, and TRA PPI II. Traces were chosen to pass through the image background as well as the cell cytoplasm and brightest Golgi compartments to allow for simultaneous quantification of each. For each cell, the background value was subtracted from those obtained for the cytosol and Golgi. The background-subtracted Golgi fluorescence was then divided by that of the cytosol. Recruitment of Ypt31 to the TGN was measured by quantifying the ratio of GFP-Ypt31 to mRFPmars-Sec7-labeled TGN compartments as previously described (Thomas and Fromme, 2016) . A similar line-trace analysis was also used to quantitate the extent of GFP-Snc1 localization to the PM. For each cell, the trace was chosen to pass through the PM of the daughter cell as well as the brightest Golgi compartment, and then background-subtracted PM fluorescence was divided by that of the Golgi compartment.
Manders analysis was used to quantify the colocalization of fluorescent signals at Golgi compartments. Images were cropped to contain between four and nine cells. Five crops of each strain were analyzed to calculate a mean Manders coefficient of colocalization using the JACoP plugin in ImageJ (Bolte and Cordelières, 2006) . Images were thresholded to only quantify signals at puncta (therefore avoiding any cytoplasmic background). All of the red channel images were thresholded to the same level across all strains, whereas the green threshold varied for each strain.
Time-lapse imaging was analyzed using SlideBook 5.0 software to quantify peak-to-peak recruitment times. The fluorescence intensity for each visualized protein at a single Golgi compartment was tracked over the lifetime of the compartment. Fluorescence signal was normalized for each channel, and the time point where normalized fluorescence equaled 1.0 was taken as the peak recruitment time for each protein. Only compartments that remained in the focal plane and distinct from other compartments were analyzed.
PSN analysis
The PSN was generated using an internet-based tool (thecellmap.org) developed by the Boone and Andrews laboratories (Usaj et al., 2017) . A threshold of 0.4 was used as a cutoff.
Statistical tests
For Figs. 1 C and 6 C, statistical significance was determined using a one-way ANO VA with Tukey's test for multiple comparisons. For all other figures, significance was determined using an unpaired two-tailed t test with Welch's correction. Data distribution was assumed to be normal, but this was not formally tested.
Online supplemental material
Fig. S1 demonstrates that TRA PPI II is a specific GEF for Ypt1. Fig.  S2 shows that Trs85, but not TRA PP core subunits, is relocalized to the PM during anchor-away and that Ypt1 is specifically affected by loss of Trs85 at the Golgi. Fig. S3 shows that TRA PPI II localizes to medial/late Golgi compartments independent of Sec7 activity and Arf1. Fig. S4 summarizes the timing of GEF, GAP, and Rab recruitment to the medial/late Golgi. Fig. S5 shows that Snc1 trafficking is perturbed by loss of Trs85 at the Golgi. Tables S1 and S2 describe the plasmids and strains used in this study, respectively. Table S3 lists the lipid composition of liposomes used in GEF activity assays.
